Abstract -Twenty dominant plant species representing different life forms were investigated phenologically over a period of 36 months (January 2004 to December 2006). Plant populations were sampled at down-, mid-, and upstream sites in a desert wadi ecosystem. The results were analyzed using TWINSPAN, DCA and CCA techniques. Five phenological niches were apparent: (1) species flowering all year round, with peaks in spring and autumn such as Ochradenus baccatus; (2) species flowering during winter including Lycium shawii and Tamarix nilotica; (3) species flowering during spring, e.g., Zilla spinosa, Zygophyllum coccineum and Capparis spinosa; (4) species flowering during summer including Iphiona mucronata and Deverra triradiata; and (5) species flowering during autumn that include Atriplex halimus and two Anabasis species. The climatic variables, including temperature, rainfall and relative humidity, affect the phenological niches and between-species differences. Within-species variations occurred between years and there were no between-site variations for most study species. The different plant species exhibited phenological diversity along the course of the wadi ecosystem. The phenological niches are species-specific and environmentally dependent rather than local selective pressures.
Introduction
Whereas an understanding of plant phenology may be best interpreted in the context of the larger flowering community (AUGSPURGER 1983) , there have been few studies that ex-change. Previous studies on plant-environment relationships have demonstrated that population dynamics and phenological events are considered good indicators of the bioclimatic character in desert regions (SHALTOUT 1987 , HEGAZY 1990 , ÅGREN et al. 2008 .
In this study we argue that hyperarid desert wadi conditions may lead to phenological specialization and diversity, including temporal partitioning of the flowering and reproductive niche around the year in both space and time. Phenological specialization may be a product of competition among plants for pollinators and pollination activities, and we expect, in principle, some evolutionary divergence along a resource axis (i.e., resource partitioning), reducing the negative interaction between coexisting species. STONE et al. (1998) studied partitioning of pollinators during flowering in an African Acacia community. They showed major functional partitioning was achieved among some Acacia species through separation of flowering in space and seasonal time, and through inter-specific differences in pollinator guilds.
The aim of this paper is to examine whether there are different phenological patterns among the different plant populations in a desert wadi ecosystem and, whether the phenology of the different plant species is constrained by local selective pressure and whether it is to any extent influenced by the climatic variables.
Material and methods
Wadi Degla is located in the north of the Eastern Desert of Egypt. It extends some 30 kilometres in a southeast to northwest direction, between longitude 31°19' to 37' and latitude 29°53' to 57'. The Wadi has a significant gradient, dropping c. 10 m km -1 along the course of the stream, and draining from Gabal (Mountain) Abu Shama, at 578 m a.s.l. and debouching into the Nile Valley, at 21 m a.s.l. (Fig. 1) . The study sites of the wadi differ in elevations, with the downstream section ranging from 85 to 200 m a.s.l., midstream from 220 to 330 m a.s.l., upstream from 340 to 420 m a.s.l., and the (downstream) tributaries from 140 to 250 m a.s.l. The main wadi is generally wide, though differs in its width among the four locations between 50 to 600 m.
The highest values of rainfall in the study site are 25.3±14.23 mm, relative humidity 64.37±5.54%, temperature 27.66±1.2°C and wind speed 15.71±5.1 Km h -1 . The lowest values of temperature are 16.63±4.44°C, dew point 8.74±2.7, relative humidity 47.27±0.01% and wind speed 11.14±0.44 Km h -1 with absence of rainfall.
Wadi Degla is an ancient and steep limestone valley in Egypt's Eastern Desert. In 1999, the down-and midstream part of Wadi was declared a protected area (Fig. 1) . The soil inWadi Degla is mostly composed of rock waste varying in texture from silt to gravels and boulders. The bed of the wadi is covered with layers of differing textures, influencing water availability (HASSAN 2002) . Aridity prevails throughout the area: low and irregular rainfall, sharp diurnal changes of temperature and atmospheric humidity. The array of major climatic variables is collected at the local Helwan Climate Station for the study period of 2004 -2006 . The wettest year was 2004 and 2006 the driest. Analysis of the rainfall data for period 1998 -2007 (TRMM, Tropical Rainfall Measurement Data 2007 , EL-GAMAL et al. 2008 ) demonstrate the hyperaridity and severe scarcity of rainfall over the Wadi Degla ecosystem. The total accumulated depth of rainfall varies from 100 mm (c. 10 mm year ) in the midstream locations. The total accumulated ten-year depth of rainfall of the three downstream tributaries varied from 250 mm to 350 mm (in the west), according to position (Fig.1) .
For phenological observations, a total of 114 (10 × 10 m) permanent plots were placed at the three sampling sites (down-, mid-and upstream) along Wadi Degla stream. Population phenology of the dominant twenty perennial species present at one or more site was investigated. These constituted the major components of the wadi vegetation (EL-ADAWY 2011), and represented an array of different life forms (Tab. 2). Species identification followed BOULOS (1999 BOULOS ( -2005 .
Phenological observations of individuals of each population were recorded on 50 marked and randomly selected individual plants. When there were fewer than 50 individuals in a population, observations were made on all individuals available in that population. Periodic observations of phenological phases were carried out every 10 days in the peak growing season (spring), or monthly in other seasons, during three consecutive years (2004 to 2006) . Phenological phases were defined on a scale from 1 to 6 called the phenology in- 
dex. These phases were: 1 = vegetative, 2 = flower buds, 3 = flowering, 4 = fruiting, 5 = seed dispersal and 6 = senescence or dormancy (HEGAZY and EESA 1991) . The mean value of phenological index for individuals of different plant sizes was determined for each location per month. Within each population, an individual was recorded when visual estimation indicated that at least 25% of the canopy had reached a particular phase. The classification technique known as two-way indicator species analysis (TWIN-SPAN) (HILL 1979) was used to analyze the plant phenological traits, using the community analysis package (CAP 2002) . TWINSPAN was used to separate the phenological traits of the different species into groups. Ordination techniques were performed by using detrended correspondence analysis (DCA), community analysis package (CAP) and canonical correspondence analysis (CCA) (TER BRAAK and [MILAUER 2002) . DCA was performed to allow overall assessment of variance between the different phenological groups obtained from TWINSPAN. CCA was used for showing the relation between the phenological groups and environmental variables. TWINSPAN, DCA and CCA were based on the phenological index (PI) of the twenty species at different sites across the twelve months of 2004, which was representative in regard to temperature, and also the rainiest of the three years of observation. The ordination using CCA at the population level (site) gave similar results and is not reported here (see EL-ADAWY 2011) .
Data used in the classification and ordination of population phenology are spatially based and considered as different values of phenological index in different species at different sites. Yet these data were also temporal in nature. Here, sites were represented by month, environmental variables by six climatic factors (collected at the local Helwan Climate Station near the study area) and the phenological index was considered according to the number of sites where the species occurred. Thus phenological index was considered as a temporal index that changed with time (monthly) and space (site) along the wadi.
Shannon-Wiener diversity index (H') was calculated to measure the flowering phenology of the twenty plant species throughout 2004 -2006 , following LUDWIG and REY-NOLDS (1988 .
Analysis of variance (ANOVA) (SPSS 15 for Windows) was used to test the variation in phenological traits of the study species according to population locality (down-vs. mid-vs. upstream) and year (2004 vs. 2006) as sources of variation.
Results

Phenological diversity
According to the time of flowering and fruiting, four plant phenological groups are derived from TWINSPAN classification (Fig. 2) The DCA ordination diagram of the different populations of the twenty species around the year (Fig. 3 ) demonstrated the segregation of four phenological groups, which repre-HEGAZY A. K., ALATAR A. A., LOVETT-DOUST J., EL-ADAWY H. A. Populations of female and hermaphrodite Ochradenus baccatus took a particular location at the middle and lower side of the ordination diagram (Fig. 3) , that lying between spring and autumn groups, flowering across most of the year, with two peaks, in spring and autumn, representing the fifth phenological group. E. aphylla, E. spinosus and pendulus, while others persisted in vegetative activity for periods between 6 months (e.g., E. spinosus) and 11 months (e.g., C. spinosa). Reproductive activity extended across the entire year in some species, with bimodal peaks in flowering and fruiting, e.g., O. baccatus, or it may extend across most months of the year, e.g., C. pendulus and D. tortuosa). Most species exhibited reproductive activity during a period of two to four months with a unimodal peak of flowering and fruiting.
Phenology -environment relationship
The environmental variables representing different phenological groups all over the year are shown in table 3. There is significant variation among the major four phenological groups in response to rainfall, temperature, relative humidity and dew point. Species in group A are phenologically active through the winter season, while group D species are active in the summer months. The remaining groups B and C are phenologically active in autumn and spring.
The correlation between phenological dormancy or senescence and climatic variables is shown in the ordination diagram produced by CCA with biplot of the environmental variables (Fig. 4) . The length and direction of an arrow representing a given environmental variable provide an indication of the importance and direction of the gradient of environmental variable change. The angle between, an arrow and each axis is a reflection of the de-gree of correlation with the axis. By dropping a perpendicular to the arrow from each species-point an indication is provided of the relative position of species along the variable gradient. Temperature, dew point, relative humidity and rainfall were the major climatic variables exhibiting significant correlations with the first two axes of the analysis (Tab. 4, low gradient of temperature and dew point. Two species were significantly associated with wind direction, both of them characterized by having separate sex forms, i.e., male and female individuals, E. aphylla, and female and hermaphrodite individuals, O. baccatus.
In the year 2004, the highest Shannon diversity index (H') of flowering phenology for the study species (2.63) was achieved in April, followed by March, May and then February, with H' values 2.58, 2.48 and 2.13, respectively (Figs. 5a, b) . Alternatively, the lowest values of H' were achieved in the dry months: July (0. Biotic factors potentially driving plant phenology include physiological and morphological adaptations for the utilization of resources (RATHCKE and LACEY 1985, PAVON and BRIONES 2001) , competition for pollinators or pollinator attraction, and competition for seed dispersers (LOBO et al. 2003) , and the avoidance of herbivory (COLEY and BARONE 1996) . On the other hand, significant environmental factors such as temporal variations in rainfall (OPLER et al. 1976) , changes in water level sequestered by plants (BORCHERT 1994) , changes in temperature (PFEIFER et al. 2006 ), photoperiod (RIVERA et al. 2002 ), irradiance (HAMANN 2004 and sporadic or 'accidental' climatic events (KASSAS 1966 , SAKAI et al. 1999 ) have all been reported as key factors affecting the phenological niche differentiation of populations and communities.
Plant species belonging to different life forms in particular phenological groups exhibited similar phenological niches. This may be attributed to several different factors, including their occurrence under the same climatic drivers. Moreover, they exhibited the same niche independent of particular physiological and morphological adaptations, or phylogenetics, e.g., group B which flower in summer-autumn included four species in the Chenopodiaceae (AYYAD et al. 1985 , WRIGHT and CALDERON 1995 , MARQUES et al. 2004 . Some other species having the same life forms exhibited different phenological niches.
The populations of female and hermaphrodite Ochradenus baccatus included in group C took different trends in their phenological niche. This may be due to the complex responses to the climatic factors, or other factors such as pollinators, or phylogeny. The par-ticular phenological niche of O. baccatus includes some individuals flowering over most of the year, with major peaks in spring and autumn (HEGAZY et al. 2011 ). This pattern in O. baccatus was also reported by WOLFE and BURNS (2001) at a wadi located at about 5 km south of Ein Gedi in Israel. The six species A. alopecuroides, D. tortuosa, D. triradiata, F. aegyptia, R. raetam and Z. coccineum demonstrated important between-site differences in their phenology. Moreover, most species included in our study showed significant differences in the phenological phases between the two years of observation. Such phenotypic differences in response to environmental cues are an obvious benefit to success in accommodating plant species and differentiation of their flowering times in the different sites of the wadi ecosystem.
As produced from CCA results, more than one factor affected the initiation and duration of the different phenological events, particularly the flowering phase. ABBAD and BENCH-AABANE (2004) studied phenology in populations of Atriplex halimus at three locations in western north-Africa, characterized by different climatic conditions. They concluded that phenology was significantly influenced by climatic conditions, where high temperature and rainfall together tended to accelerate formation of flower buds. Phenological events involving reproductive activity in plants are highly affected by temperature and rainfall patterns (JACKSON 1966 , INOUYE et al. 2003 , LESICA and KITTELSON 2010 . Moreover, plants in arid ecosystems respond to the availability of water at particular soil depths and temperatures, accumulated by the location over time. Other factors may also be important. For example, in the present study, the two dioecious and gynodioecious species, E. aphylla and O. baccatus were both located on the wind direction gradient, which is considered an important factor influencing their phenological niche.
Topographic features in Wadi Degla may also influence the water availability, with downstream sites receiving more water and developing better soil. The down-stream sites received actual rainfall amounts up to four times as much as the upstream sites, as observed through the tropical rainfall measuring mission, during the recent ten year period (TRMM 2007) . PENUELAS et al. (2004) examined the effects of experimental, historical and geographical changes in rainfall and showed highly significant effects on flowering phenology. Their results showed that changes in rainfall and water availability, as an important driver of climate change, can cause complex phenological changes. The width of the wadi bed and its elevation can be considered limiting factors for light incidence, where photoperiod extends for longer periods in the upstream site (width 220-600 m). Soil type plays a role in water availability for plants, where the soil was a mixture of sandy and rocky types in down-and midstream parts but was sandier in the upstream part of a wadi (HASSAN 2002) . GILBERT et al. (1996) studied spatial variation in patterns of selection in a plant-pollinator system in four desert wadis in Sinai, Egypt, and demonstrated significant local (upstream-downstream) specialization in flowering phenology in Alkanna orientalis. They concluded that pollinator behavior was probably responsible for the selection gradient in maternal fitness. Patterns of flowering formed a spectrum, from continuous to very infrequent flowering (NEWSTROM et al. 1994) . The diversity of flowering phenology of the different plant species fluctuated around the year where these species use resources in different periods, which relaxes inter-specific competition among co-existing species. There were various phenological niches under the same type of climate. Other factors rather than climate may be also responsible for the high flowering phenological disparity. Phytogeographical origin, phylogenetic constraints, structural and architectural traits, and high environmental heterogeneity typical of arid ecosystems seem to be the main drivers of the flowering phenological diversity in Wadi Degla.
In conclusion, plant populations in wadi ecosystems, e.g., Wadi Degla, can be classified with respect to their phenological niche differentiation into an array of patterns: (1) species flowering/fruiting all the year round with two peaks during spring and autumn, e.g., O. baccatus; (2) species flowering/fruiting during the winter season including L. shawii and T. nilotica; (3) species flowering/fruiting during spring, e.g., Z. spinosa, Z. coccineum, C. spinosa and F. aegyptia; (4) species flowering/fruiting during summer, including I. mucronata and D. triradiata; and (5) species flowering/fruiting during autumn including A. halimus, A. articulata, A. setifera and A. alopecuroides. Temperature, rainfall and relative humidity are the important drivers of phenological niche variations. The weak effect of location on phenology and within-species variation between years, indicate that desert plant phenological niche is principally constrained stronger by phylogenetic character as well as climatic variability than local selective pressure.
